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Edited by Miguel De la RosaAbstract 7,8-Linoleate diol synthase (7,8-LDS) of the take-all
fungus and cyclooxygenases can be aligned with 24% amino
acid identity and both form a tyrosyl radical during catalysis.
7,8-LDS was expressed in insect cells with native 8R-dioxygen-
ase and hydroperoxide isomerase activities. We studied
conserved residues of 7,8-LDS, which participate in cyclo-
oxygenases for heme binding (His residues), hydrogen abstrac-
tion (Tyr), positioning (Tyr, Trp), and ionic binding of substrates
(Arg). Site-directed mutagenesis abolished 8R-dioxygenase
activities with exception of the putative distal histidine
(His203Gln) and a tyrosine residue important for hydrogen
bonding and substrate positioning (Tyr329Phe). The results dem-
onstrate structural similarities between 7,8-LDS and cyclooxy-
genases.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Dioxygenation of polyunsaturated fatty acids is catalyzed by
heme and non-heme metalloenzymes, forming diverse products
of biological importance [1–3]. The most thoroughly investi-
gated heme dioxygenases are ovine cyclooxygenase-1
(COX-1) and mouse COX-2 [2]. Heme-containing fatty acid
dioxygenases of the myeloperoxidase family also occur in
plants and fungi [4,5]. Plant a-dioxygenases (a-DOX) metabo-
lize fatty acids to (2R)-hydroperoxides [5]. Fungal linoleate
diol synthases (LDS) occur in wheat and rice pathogens and
in several Aspergilli, and oxidize 18:2n-6 sequentially to
(8R)-hydroperoxylinoleic acid (8R-HPODE) and to (5S,8R)-,
(7S,8S)-, or (8R,11S)-dihydroxyoctadecadienoic acids (DiH-
ODE) [6–8]. These oxylipins aﬀect fungal development and
pathogenicity [8,9].
The ﬁrst step in COX and LDS catalysis is stereo speciﬁc
abstraction of the pro-S hydrogen at C-13 of 20:4n-6 and atAbbreviations: COX, cyclooxygenase; DiHODE, dihydroxyoctadeca-
dienoic acid; DOX, dioxygenase; HODE, hydroxyoctadecadienoic
acid; HPODE, hydroperoxyoctadecadienoic acid; LDS, linoleate diol
synthase; PGG2, prostaglandin G2
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doi:10.1016/j.febslet.2008.09.031C-8 of 18:2n-6, respectively [10,11]. Tyr385 of COX-1 is oxi-
dized to a radical, which abstracts the hydrogen and forms a
carbon-centered substrate radical [2]. A tyrosyl radical has
also been detected by EPR analysis during catalysis of 7,8-
LDS of take-all, Gaeumannomyces graminis [12]. In the next
step, the carbon-centered radicals react with O2 under steric
control. COX transform 20:4n-6 to an (11R)-peroxyl radical,
whereas 7,8-LDS converts 18:2n-6 to an (8R)-peroxyl radical.
The tyrosyl radical is regenerated at the end of each catalytic
cycle with formation of prostaglandin G2 (PGG2) and 8R-
HPODE, respectively [2,12]. LDS can transform 8R-HPODE
to DiHODE in intramolecular hydroperoxide isomerase reac-
tions by suprafacial hydrogen abstraction and oxygenation at
C-5, C-7, or C-11 [8,11], whereas COX has peroxidase activity
and reduces PGG2 to PGH2. LDS and COX thus have two
catalytic sites and diﬀer from myeloperoxidases in this re-
spect.
The primary structures of LDS and a-DOX can be aligned
with amino acids of known catalytic functions in COX
(Fig. 1). The latter were identiﬁed from the 3D structure of
20:4n-6 in the active site of COX and by site-directed mutagen-
esis [2,13]. Although structure-function interpretations of sin-
gle mutations are not always possible, particularly of
deleterious mutations, they nevertheless can provide informa-
tion on oxygenation mechanisms.
Our ﬁrst objective was to ﬁnd a robust expression system for
7,8-LDS of take-all. Previous attempts to express 7,8-LDS in
bacteria or in Pichia pastoris resulted in an inactive or aberrant
7,8-LDS [14]. Our second goal was to determine the catalytic
importance of seven conserved amino acids of 7,8-LDS with
interesting functional properties in COX.2. Materials and methods
2.1. Materials
pIZ/V5-His, Bac-to-Bac system with pFast-BacHT, Cellfectin, Zeo-
cin, TA cloning kits, competent Escherichia coli, yeast nitrogen base,
and mouse anti-His (C-terminal) antibody were from Invitrogen.
Restriction enzymes were from New England BioLabs and Fermentas.
Plasmid midi and Qiaqick gel extraction kits were from Qiagen.
[9,10,12,13-2H4]18:2n-6 (99%) was from Larodan. Oligonucleotides
for site-directed mutagenesis were obtained from TIB Molbiol (Berlin,
Germany). Sequencing was performed at Uppsala Genomic Center
[14]. ECL Advance Western Blotting Detection kit, HisTrap FF col-
umns, and horseradish peroxidase labeled anti-mouse IgG antibodies
were from GE Healthcare. Pfu polymerase was from Promega. Ex-cell
420 insect medium was from SAFC-Biosciences (Hampshire, UK).
Gentamycin sulfate and Spodoptera frugiperda (Sf21) cells were ob-
tained locally.blished by Elsevier B.V. All rights reserved.
Fig. 1. Partial alignment of the amino acid sequences of 7,8-LDS, COX, and a-DOX. The studied residues of 7,8-LDS are in bold. Arg499 of COX-2
is referred to as Arg513 (using ovine COX-1 numbering). The sequences were aligned with the ClustalW algorithm. Abbreviations: LDS_Gg, 7,8-
LDS of G. graminis; oCOX-1, ovine COX-1; rCOX-2, rodent COX-2; aDOX_At, a-DOX of A. thaliana.
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The open reading frame of 7,8-LDS (GenBank Accession No.
AF124979) was ligated into pIZ/V5-His in frame with the C-terminal
V5-His cassette (yielding pIZ/V5-His_LDS) and into pFast-BacHT
(desingated pFast-BacHT_LDS) with an N-terminal His casette
(Suplementary data).
Sf21 cells in mono layers were transformed with 4 lg of pIZ/V5-
His_LDS using the Cellfectin reagent. Cells were harvested after two
days, washed, suspended in lysis buﬀer (50 mM Tris–HCl, 0.04%
Tween 20, 1 mM GSH, 5% glycerol, 0.5 M NaCl, proteinase inhibitors
(Complete-EDTA free, Roche; pH 7.4), and sonicated (Branson cell
disrupter B15, power 20%, 3 · 3 s pulses). The cell debris was spun
down (20 min, 15000 · g, +4 C) and the supernatant was used for en-
zyme assay and Western blot analysis. DH10Bac E. coli were trans-
formed with pFast-BacHT_LDS to generate bacmid DNA, which
was used to transfect Sf21 cells (Supplementary data). The cells were
harvested as above.
Site-directed mutagenesis was performed with oligonucleotides (Sup-
plementary data) as described [15], conﬁrmed by sequencing, and re-
combinant proteins were expressed as above. SDS–PAGE and
Western blot analysis were performed as described [14,16].2.3. Enzyme assay and puriﬁcation
Recombinant 7,8-LDS (0.5 ml, corresponding to 106 lysed cells)
was incubated with 100 lM 18:2n-6 (99%, Sigma) for 30 min on ice
in lysis buﬀer. Metabolites were extracted and analyzed by LC–MS/
MS using an ion trap instrument (LTQ, ThermoFischer), as described
[8,14,17]. In some experiments, 50 pmol [2H4]13R-HODE was added as
an internal standard for quantiﬁcation (Supplementary data). Triphen-
ylphosphine (5–10 lg) was added to reduce 8R-HPODE to 8R-HODE.
7,8-LDS was puriﬁed from 5 g baculovirus transfected Sf21 cells.
After suspension in lysis buﬀer, sonication, and diﬀerential centrifuga-
tion (15000 · g, 15 min; 100000 · g; 60 min, +4 C), the supernatant
was loaded on HisTrap FF column (1 ml), washed with lysis buﬀer
containing 20 mM imidazole, and bound proteins were eluted with a
linear gradient to 0.5 M imidazole using the A¨kta system with online
UV analysis (280 nm and the Soret band at 406 nm). The eluted 7,8-
LDS was concentrated by diaﬁltration (Amicon Ultra 30k) and ana-
lyzed by Western blot and for enzyme activity.Fig. 2. LC–MS analysis of products formed from 18:2n-6 by
recombinant 7,8-LDS. (A) Top, total ion current (m/z 295ﬁ full
scan) for detection of HODE during reverse phase-HPLC. The MS/
MS spectrum of the material in peak I (8R-HODE) is shown by the
inset. Bottom, total ion current (m/z 311ﬁ full scan) for detection of
DiHODE. The MS/MS spectrum of the material in peak II (7,8-
DiHODE) is shown by the inset. (B) Separation of 8R-HPODE (peak
I; m/z 311ﬁ 293ﬁ full scan) and 8R-HODE (peak II; m/z 311ﬁ full
scan) by normal phase-HPLC. The inset shows the MS/MS/MS
spectrum of 8R-HPODE.3. Results
3.1. Expression of 7,8-LDS
Recombinant 7,8-LDS metabolized 18:2n-6 as the native en-
zyme to 8-HPODE, 8-HODE and 7,8-DiHODE (Fig. 2).
Traces of 10-HODE was also detected (1–2% of 8-HODE).
8-HODE consisted mainly of the R stereoisomer (>95%) as
judged from chiral phase-HPLC (data not shown, cf. Ref.
[17]). 8R-HPODE was routinely identiﬁed by its characteristic
MS/MS/MS spectrum (m/z 311ﬁ 293ﬁ full scan [18])
(Fig. 2B). Signiﬁcant biosynthesis of 8R-HODE was detectedin all experiments with recombinant 7,8-LDS, whereas the
relative amounts of 8R-HPODE and 7,8-DiHODE varied, as
Fig. 3. Enzymatic activity and expression of recombinant 7,8-LDS
and mutants. (A) Formation of 8R-HODE by recombinant 7,8-LDS
and by the mutants Tyr376Phe, His379Gln and His203Gln (plasmid-
driven expression). The magniﬁed inset shows that His203Gln retained
U. Garscha, E.H. Oliw / FEBS Letters 582 (2008) 3547–3551 3549observed with native 7,8-LDS [12]. Untransformed Sf21 cells
did not metabolize 18:2n-6 to any of these products.
The plasmid-driven protein expression yielded relative low
cellular concentration of 7,8-LDS, and so did expression by
baculovirus, although the number of transformed cells could
be expanded. This increased the yield of enzyme, but the
amount of 7,8-LDS, which was puriﬁed from 5 g of cell pellet,
was too low to allow EPR analysis.
3.2. Site-directed mutagenesis
We studied seven amino acids by site-directed mutagenesis
and prepared 11 mutants. The results are summarized and
compared with corresponding mutations of COX in Table 1.
The enzyme activity of two mutants, His203Gln and
Tyr329Phe, was unambiguously demonstrated by biosynthesis
of both 8R-HPODE and 8R-HODE. All other mutants ap-
peared to be inactive, and this was not unexpected in at least
two cases (Tyr376Phe, His379Gln; cf. Table 1).
Heme ligands and Tyr376:
We ﬁrst examine the putative heme ligands, His203 and
His379, and Tyr376 of presumed importance for hydrogen
abstraction. The amounts of 8R-HODE formed by recombi-
nant 7,8-LDS, His203Gln, His379Gln, and Tyr376Phe are
shown in Fig. 3A. The biosynthesis was below detection in
all three mutants. To correct for the relative amounts of the ex-
pressed proteins, we used Western blot analysis (Fig. 3B) and
estimated the intensities of the detected proteins by densitom-
etry (ImageJ). These experiments were repeated three times
with the same outcome. To increase the sensitivity these muta-
tional studies were redone with baculovirus expression of 7,8-
LDS. The activity of Tyr376Phe and His379Gln remained
below the detection limit, but His203Gln yielded detectable
formation of 8R-H(P)ODE (inset in Fig. 3A).
Tyr329, Trp378, and Tyr531:
Tyr329Phe retained low 8R-dioxygenase activity, whereas
mutation of Tyr329 to an aliphatic hydrophobic residue, leu-
cine, abolished enzyme activity (Fig. 3C). Both Trp378Phe
and Trp378Ser had lost 8R-DOX activities, and Tyr531Phe
was also inactive (data not shown).
Lys540:Table 1
Overview of the dioxygenase activity of mutants of 7,8-LDS and a
comparison with the cyclooxygenase activity of mutants of homolo-
gous amino acids of COX
7,8-LDS Activity of
7,8-LDS
COX Activity
of COX
Reference
Native +++ Native +++
His203Gln (+) His207Ala ++a [21]
Tyr329Phe + Tyr348Phe +++ [13,25]
Tyr329Leu  Tyr348Leu  [13]
Tyr376Phe  Tyr385Phe  [24]
Trp378Phe  Trp387Phe ++ [13,27]
Trp378Ser  Trp387Ser  [13]
His379Gln  His388Gln  [22]
Tyr531Phe  Tyr504Phe +++ [26]
Lys540Leu  Arg513His ++/+b [31]
Lys540Gln 
Lys540Arg 
aThis mutant retained cyclooxygenase activity but with an increased
kinetic lag phase.
bThe activity of this COX-2 mutant was reduced 25% with 20:4n-6
and over 80% with N-arachidonylglycine as substrates.
low but detectable activity, whereas Tyr376Phe and His379Gln
remained inactive (baculovirus expression). (B) The expression of the
recombinant enzymes was assayed by Western blot, and slightly
smaller than native 7,8-LDS (110 kDa vs. 130 kDa [16]). (C)
Enzymatic activity of recombinant 7,8-LDS, Tyr329Leu and
Tyr329Phe (plasmid-driven expression). Biosynthesis of 8R-HODEwas
corrected for protein expression (Western blot).We found that Lys540Leu (with loss of ionic and hydrogen
binding properties), Lys540Gln (with hydrogen bonding
capacity, Supplementary data) and Lys540Arg (with ionic
binding properties) were inactive.4. Discussion
We have expressed 7,8-LDS in insect cells with catalytic
properties as native 7,8-LDS. Earlier attempts to express 7,8-
LDS in P. pastoris resulted in recombinant enzyme with unex-
pected 5,8-LDS activity, possibly due to posttranslational
modiﬁcation [14,19]. The two major ﬁndings of the present re-
port is the conclusive identiﬁcation of the 7,8-LDS gene and
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idues were chosen from homology with amino acids of known
function in COX (Table 1). Myeloperoxidases have a con-
served protein fold [4] and our results suggest that certain fea-
tures of the dioxygenase sites of COX and 7,8-LDS could be
similar. Whether similarities also occur in the peroxidase and
hydroperoxide isomerase sites awaits further studies.
Replacement of the putative distal His203 of 7,8-LDS with
glutamine resulted in low but detectable 8R-DOX activity.
His203 was apparently not critical for heme binding in analogy
with a-DOX and COX. Only very low enzyme activity was re-
ported for this mutation of the putative distal histidine of a-
DOX [20]. COX-2 also retained cyclooxygenase activity, after
replacement of the distal histidine with alanine, albeit the lag
phase was increased possibly due to enhanced one and de-
creased two electron reductions at the peroxidase site (Table
1; [21]). Mutation of the putative proximal heme ligand of
His379 to glutamine abolished enzyme activity, which is in
agreement with His388Gln of COX-1 and His389Gln of a-
DOX [20,22]. The proximal heme ligand seems to be required
for catalysis.
EPR analysis suggested that the tyrosyl radical of 7,8-LDS is
located close to the heme group [12], and Tyr376 is so situated
(cf. Table 1 and Fig. 1). Tyr376Phe showed undetectable 8R-
DOX activity. The Tyr homologue of COX and a-DOX is also
required for catalysis [20,23,24]. In the case of COX, the
Tyr385Phe mutant retained a functional peroxidase site [24],
suggesting that the mutation did not disrupt the COX fold
but only the radical transfer to the COX active site. Similarly,
the Tyr376Phe mutant of 7,8-LDS also retained hyroperoxide
isomerase activity [14]. This is consistent with the hypothesisOOH
O
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Fig. 4. The presumed reaction mechanism of 7,8-LDS illustthat Tyr376 may have the same function as Tyr385 of COX,
which forms the catalytically important tyrosyl radical [2].
We next investigated Tyr329 and Tyr531, the homologues of
Tyr348 and Tyr504 (Table 1). The 3D structure of COX-1 sug-
gested that the phenyl oxygens of Tyr348 and Tyr385 are in
close contact and that the phenyl ring of Tyr348 can make
hydrophobic interactions with 20:4n-6 [13,25]. Replacement
of Tyr348 in COX-1 with phenylalanine did not reduce the
COX activity, whereas replacement with leucine abolished it.
In contrast, the phenyl oxygen and the phenyl ring of
Tyr329 appeared to be essential for 7,8-LDS activity, as
Tyr329Phe showed reduced activity and Tyr329Leu were inac-
tive. Tyr504 is of interest as it may form an alternative tyrosyl
radical under certain conditions, whereas it is not essential for
catalysis [26]. We found that the homologue Tyr531Phe was
inactive. This may not contradict that Tyr376 of 7,8-LDS
might form the catalytic radical for hydrogen abstraction,
but further studies will be needed to conclusively identify the
origin of the tyrosyl radical.
7,8-LDS was also sensitive to structural perturbations be-
tween Tyr376 and His 379, as both Trp378Phe and Trp378Ser
were inactive. The corresponding Trp387 residue of COX-1
was not obligatory for activity, as Trp387Phe and Trp387Tyr
retained COX activity, but Trp387Ser was also inactive [13,27].
COX-2 binds 20:4n-6, anandamide and other endocannabi-
noids ‘‘tail ﬁrst’’ by ionic and hydrophilic interactions with
Arg120 and Arg513, respectively, at the entrance of the cata-
lytic site [2,28–31]. 7,8-LDS does not oxidize the methyl ester
of 18:2n-6 [6], and may require ionic interaction. There is no
apparent homologue of Arg120 in the LDS sequences.
Lys540 is conserved in all LDS sequences and present in theN
N
N
N
N
N
N
N
N
N
N
N
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7,8-DiHODE
Fe4+=O Fe3+
8-HPODE
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rated with catalytically important amino acid residues.
U. Garscha, E.H. Oliw / FEBS Letters 582 (2008) 3547–3551 3551homologous position of Arg513 of COX-2. We hypothesized
that the positive charge of Lys540 could participate in posi-
tioning of 18:2n-6. We found that Lys540 was indeed essential
for catalysis, but probably not for ionic binding.
The suggested reaction mechanism of 7,8-LDS is outlined in
Fig. 4 along with amino acids of catalytic signiﬁcance. A note
of caution is justiﬁed. Conclusive identiﬁcation of amino acids
at the active sites of 7,8-LDS may require EPR and 3D analy-
sis, but available data show that structural features of the oxy-
genation site of COX could be conserved in LDS. Work in
progress suggests that this could be extended to the amino acid
residue Val330 (Val349 of COX), which controls oxygenation
at C-8 and C-10 of 18:2n-6 (and at C-11 and C-15 of 20:4n-6
by COX).
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